Introduction {#Sec1}
============

Pulmonary fibrosis is a well-recognized feature of acute respiratory distress syndrome (ARDS) \[[@CR1]--[@CR3]\], and lipopolysaccharide (LPS) is a considerable factor causing sepsis-associated ARDS and pulmonary fibrosis \[[@CR4]--[@CR6]\]. However, the related mechanisms are not fully understood. Previous studies have shown that autophagy inhibition in lung tissues is closely associated with pulmonary fibrosis \[[@CR7], [@CR8]\]. In addition, our recent study revealed that LPS could inhibit lung fibroblast autophagy by activating the phosphatidylinositol-3-kinase-protein kinase B-mammalian target of rapamycin (PI3K-Akt-mTOR) pathway \[[@CR9]\]. However, the mechanism underlining LPS-induced PI3K-Akt-mTOR pathway activation and lung fibroblast autophagy inhibition remains largely unknown.

Thy-1 is a glycoprotein anchored by glycophosphatidylinositol (GPI) on the surface of fibroblasts \[[@CR10]\]. Moderate expression of Thy-1 was detected in lung fibroblasts of normal lung tissues \[[@CR11]\]. However, reduced Thy-1 expression was reported to be associated with aberrant proliferation and activation of lung fibroblasts in LPS or bleomycin-induced pulmonary fibrosis \[[@CR12], [@CR13]\]. Thy-1 also binds to integrin β3 (Itgb3) and inhibits skin dermal cell proliferation, and its depletion could induce the proliferation of skin dermal cells \[[@CR14]\].

Integrins, which serve as a bridge between the extracellular matrix and the intracellular cytoskeleton, transduce a variety of signals from the extracellular matrix that affect cell survival and differentiation \[[@CR15], [@CR16]\]. Integrin β3 is the main integrin heterodimer on the surface of lung fibroblasts \[[@CR17]\]. Previous studies have shown a protective role for integrin β3 in lung disease, e.g., programmed cell death prevention in lung fibroblasts in response to transforming growth factor-β1 (TGF-β1) stimulation with activation of survival signals during TGF-β1 stimulation \[[@CR18]\]. However, little is known regarding the role of integrin β3 in sepsis-induced pulmonary fibrosis. Multiple studies suggested that integrins are involved in the regulation of autophagy by activating its downstream PI3K-Akt signaling pathway, thereby controlling lung fibroblast viability and migration \[[@CR17], [@CR19]\]. Therefore, we hypothesized that in LPS-induced pulmonary fibrosis, LPS may activate the PI3K-Akt-mTOR pathway and inhibit lung fibroblast autophagy by downregulating Thy-1 and upregulating integrin β3.

In this study, based on the cellular model of LPS-induced lung fibroblast autophagy inhibition and a mouse model of LPS-induced pulmonary fibrosis, we aimed to assess the role of Thy-1 and integrin β3 in the process of LPS-induced PI3K-Akt-mTOR pathway activation and lung fibroblast autophagy inhibition through genetic or pharmacological interventions.

Material and methods {#Sec2}
====================

Ethics statement and animals {#Sec3}
----------------------------

Male C57BL/6 mice (8-week-old; 20--25 g) were obtained from Shanghai SLAC Laboratory Animal, China. Animals were housed under controlled temperature (22--24 °C) under a 12 h/12 h light/dark cycle, with free access to food and tap water. All procedures in this study were carried out in accordance with the guidelines for animal care published by the United States' National Institutes of Health (NIH) for animal care (Guide for the Care and Use of Laboratory Animals, Department of Health and Human Services, NIH Publication No. 86--23, revised 1985). The study was approved by Renji hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China (Permit number: RJ-20170930).

Regents and antibodies {#Sec4}
----------------------

Lipopolysaccharide (*Escherichia coli* O127:B8) was purchased from Sigma (USA). The integrin β3 inhibitor cilengitide (\#S7077) was purchased from Selleckchem (USA). The primary antibodies used in this study were: rabbit anti-Thy-1 (ab225, Abcam, USA), mouse anti- integrin β3 (sc-46655, Santa Cruz, USA), rabbit anti-LC3 I/II (L7453, Sigma, USA), rabbit anti-p62/SQSTM1 (\#5114, Cell Signaling Technology, USA), rabbit anti-Akt (\#4691, Cell Signaling Technology, USA), rabbit anti-p-Akt (\#4060, Cell Signaling Technology, USA), rabbit anti-mTOR (\#2983, Cell Signaling Technology, USA), rabbit anti-p-mTOR (\#2971, Cell Signaling Technology, USA) and mouse anti-GAPDH (30201ES20, Yeasen, China). Goat anti-mouse (A0216, Beyotime, China) and goat anti-rabbit (A0208, Beyotime, China) secondary antibodies were used as well.

Experimental design and treatment {#Sec5}
---------------------------------

The human lung fibroblast MRC-5 cell line was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), and cultured in Minimum Essential Medium (MEM) (Gibco, Grand island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco), at 37 °C in a humidified atmosphere of 5% CO~2~ and 95% air.

MRC-5 cells in the logarithmic growth phase were seeded into 6-well plates at a density of 2 × 10^5^ cells/mL (2 mL in each well), and stimulated with 1 μg/ml LPS to generate an autophagy inhibition model. Then, treatment with cilengitide (\#S7077, Selleck, an integrin β3 inhibitor), integrin β3 knockdown lentivirus (Itgb3-KD), Thy-1 knockdown lentivirus (Thy-1-KD) and Thy-1 overexpression lentivirus (Thy-1-OE) (Genomeditech, Shanghai, China) were used to inhibit or overexpress integrin β3 or Thy-1 at the protein and gene levels. Cells were collected after 6 and 24 h, respectively, for the detection of signaling molecules and autophagy-associated proteins.

Animal experiments were carried out in C57/BL6 mice; 5 mg/kg LPS was intraperitoneally injected for 5 days to establish a pulmonary fibrosis model \[[@CR20]\], and the integrin β3 inhibitor cilengitide was intraperitoneally injected to inhibit integrin β3, while Thy-1 overexpression adeno-associated virus (AAV) was intratarsally injected to overexpress Thy-1. Lung tissue samples were collected 30 days after LPS stimulation.

Lentivirus transfection {#Sec6}
-----------------------

MRC-5 cells were seeded in a 12-well plate at a density of 5 × 10^4^ cells/well. Subsequently, lentivirus (Shanghai GeneChem, China) and polybrene (5 μg/ml) were added to each well. Transfection efficiency was assessed by green fluorescent protein (GFP) detection, and cells were selected with puromycin (CAS 58--58--2, Santa Cruz, USA) (2 μg/ml). Stable cell lines were established after a 1-week of selection. The expression levels of relevant proteins (Thy-1 and integrin β3) were examined by Western blot.

The primers used were: Thy-1, F-5′-TCGCTCCTGCTAACAGTCT-3′ and R-5′-AGACTGTTAGCAGGAGAGCGA-3′; integrin β3, F-5′-GTGACCTGAAGGAGAATCTGC-3′ and R-5′-CCGGAGTGCAATCCTCTGG-3′.

Thy-1 overexpression by AAV transfection {#Sec7}
----------------------------------------

The mouse Thy-1 was cloned from the PGMThy-1 plasmid by polymerase chain reaction (PCR) using the following primers: forward 5′-CCGGAATTCGCCACCATGAACCCAGCCATCAGCG-3′ and reverse 5′- CCGGGATCCCAGAGAAATGAAGTCCAGGGCTTG-3′. All AAVs are purchased from Genomeditech (Shanghai, China).

AAV expressing vector or Thy-1 was delivered to the mouse lung by intratarsal injection in 50 μl PBS containing 5 × 10^10^ μg per mouse, and termed vector-AAV and Thy-1-AAV mice, respectively.

Western blot {#Sec8}
------------

The protein samples used for western blot were extracted with RIPA lysis buffer (Beyotime Biotechnology, China) supplemented with protease inhibitors (Roche, China). Protein concentrations were determined with the bicinchoninic acid (BCA) assay kit (Thermo scientific, USA). Equal amounts of protein were separated by SDS-polyacrylamide gel electrophoresis, transferred onto polyvinyl fluoride membranes (Merck KGaA, Darmstadt, Germany), and incubated with primary (rabbit anti-Thy-1 (ab225, Abcam, US), mouse anti- integrin β3 (sc-46655, Santa Cruz, USA), rabbit anti-LC3 I/II (L7453, Sigma, USA), rabbit anti-p62/SQSTM1 (\#5114, Cell Signaling Technology, USA), rabbit anti-Akt (\#4691, Cell Signaling Technology, USA), rabbit anti-p-Akt (\#4060, Cell Signaling Technology, USA), rabbit anti-mTOR (\#2983, Cell Signaling Technology, USA), rabbit anti-p-mTOR (\#2971, Cell Signaling Technology, USA) and mouse anti-GAPDH (30201ES20, Yeasen, China) antibodies, respectively. This was followed by incubation with the appropriate secondary antibodies, including goat anti-mouse (A0216, Beyotime, China) and goat anti-rabbit (A0208, Beyotime, China) antibodies, respectively. Signals were detected using the ECL Plus Western blotting system kit (Beyotime Biotechnology, China); band intensity was measured with the Image Lab^TM^ software (Bio-Rad, USA).

Transmission electron microscopy (TEM) {#Sec9}
--------------------------------------

A total of 1 × 10^5^ MRC-5 cells were fixed by treatment with fresh 2.5% glutaraldehyde at 4 °C for at least 4 h, post-fixed with 1% osmium tetroxide for 1 h, dehydrated in an ethanol gradient, embedded, and incubated respectively at 37, 45, and 60 °C for 24 h. Ultrathin sections prepared with an ultra-cut E ultra-microtome (Leica, Wetzlar, Germany) were stained with uranyl acetate and lead citrate, and observed on a TECNAI 10 transmission electron microscopy system from FEI (Hillsboro, USA). The semi-quantification of the results was obtained by counting the numbers of autophagosomes and autolysosomes in at least six cells.

Quantitative real-time PCR (qRT-PCR) {#Sec10}
------------------------------------

To assess Thy-1 mRNA expression, total RNA was isolated from lung tissue samples with TRIzol regent (Invitrogen) according to the manufacturer's instructions. Complementary DNA synthesis was performed using Prime Script RT Master Mix (Takara, China), and real-time PCR was carried out on a Light Cycler 480 real-time PCR system (Roche, USA) using iTaq universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). The primers used for real-time PCR were: GAPDH, forward 5′-TGGTGAAGGTCGGTGTGAAC-3′ and reverse 5′-GCTCCTGGAAGATGGTGATGG-3′; Thy-1, forward 5′- CCGGAATTCGCCACCATGAACCCAGCCATCAGCG-3′ and reverse 5′- CCGGGATCCCAGAGAAATGAAGTCCAGGGCTTG -3′.

The 2^−ΔΔCt^ method was employed to assess relative expression levels. GAPDH was used as an endogenous control.

Immunofluorescence {#Sec11}
------------------

A total of 1 × 10^5^ MRC-5 cells cultured on 12-well chamber slides were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. The slides were then blocked with 10% goat serum at room temperature for 10 min. Subsequently, the samples were incubated with primary antibodies, including rabbit anti-Thy-1 (ab225, Abcam, US) and mouse anti- integrin β3 (sc-46655, Santa Cruz, USA), respectively, at 4 °C overnight, followed by incubation with Alexa Flour 488 or Cy3 secondary antibodies (Beyotime, China) for 1 h at room temperature. The slides were counterstained with DAPI and examined by fluorescence microscopy (Leica, Heidelberg, Germany). Primary antibodies included rabbit anti-Thy-1 from CST and mouse anti-integrin β3 from Santa Cruz.

Co-Immunoprecipitation {#Sec12}
----------------------

Co-immunoprecipitation was performed according to a previous report.^16^ Briefly, proteins were extracted with cell lysis buffer (KGP701\~KGP701--100, KeyGEN BioTECH, China) with 1% PMSF (KGP610, KeyGEN BioTECH, China). A total of 500 μg of protein extract was then incubated with 2 μg of appropriate immunoprecipitation (IP) antibodies, i.e., rabbit anti-Thy-1 (ab225, Abcam, US) or mouse anti- integrin β3 (sc-46655, Santa Cruz, USA) at 4 °C overnight with shaking. Then, 20 μl of protein A/G plus agarose (Thermo) was added, followed by incubation at 4 °C for 3 h with shaking. The pellets were washed five times with cell lysis buffer for 2 min and resuspended in 40 μl of 2 × electrophoresis loading buffer. After boiling for 10 min, 20 μl samples were used for SDS-PAGE and assessed by Western blot as described above.

Flow cytometry {#Sec13}
--------------

PAC-1 binding to activated integrin β3 was measured by flow cytometry (BD FACSVerse^TM^, USA) using a modification of the technique previously described \[[@CR15]\]. Briefly, 5 × 10^8^ to 1 × 10^9^/ml of MRC-5 cells were incubated for 30 min with FITC mouse anti-human PAC-1 (340507, BD Biosciences, USA) (20 μl) at room temperature. After washing with PBS, the cells were analyzed by flow cytometry; data were analyzed with the Flowjo (version 10) software.

Hematoxylin and eosin (H&E) and Masson's trichrome staining {#Sec14}
-----------------------------------------------------------

Pulmonary tissue samples were fixed by inflation with 4% paraformaldehyde overnight, dehydrated in 70% ethanol and embedded in paraffin wax. Sections of 5 µm thickness were prepared and subjected to H&E and Masson's trichrome staining, respectively, as previously described \[[@CR21]\].

Immunohistochemistry {#Sec15}
--------------------

The levels of α-SMA in the lung were assessed by IHC. Lung tissue sections were deparaffinized and incubated with 1% albumin solution containing 0.1% Triton X-100 at room temperature for 1 h. The slices were then blocked with 3% normal goat serum containing 0.1% Triton X-100 at room temperature for 1 h. Next, the samples were sequentially incubated with rabbit anti-α-SMA primary (1/2000) and goat anti-rabbit IgG secondary (1/1000) antibodies, each for 1 h.

Pulmonary Hydroxyproline (HYP) and collagen measurement {#Sec16}
-------------------------------------------------------

To estimate total collagen deposition, an indicator of pulmonary fibrosis, the hydroxyproline content of the middle lobe of the left lung was measured with a commercially available hydroxyproline detection kit (Nanjing Jiancheng Bioengineering; Nanjing, China) according to the manufacturer's instructions. The collagen content of the upper lobe of the right lung was measured according to the protocol of a commercial collagen detection kit (Nanjing Jiancheng Bioengineering; Nanjing, China).

Statistical analysis {#Sec17}
--------------------

Data were processed with the Graph Pad PRISM7 software (USA), and presented as mean ± standard deviation (SD). Two-tailed Student's *t* test was used to compare two groups. Multiple groups were compared by one-way analysis of variance (ANOVA). *P* \< 0.05 was considered statistically significant.

Results {#Sec18}
=======

LPS-induced autophagy inhibition is accompanied with Thy-1 downregulation and integrin β3 upregulation in LPS-induced pulmonary fibrosis in vivo {#Sec19}
------------------------------------------------------------------------------------------------------------------------------------------------

To investigate the time-course of LPS-induced pulmonary fibrosis in vivo, mice were intraperitoneally injected with saline or LPS (5 mg/kg) for 5 consecutive days, and samples were collected at day 7, 15 and 30 after LPS injection, respectively. As shown in Fig. [1a](#Fig1){ref-type="fig"}, mild pulmonary fibrosis was detected at 7 and 15 days after LPS treatment, and typical pulmonary fibrosis was observed at 30 days, accompanied with α-SMA upregulation and increased hydroxyproline and collagen contents (Fig. [1b, c](#Fig1){ref-type="fig"}).Fig. 1LPS-induced autophagy inhibition is accompanied with Thy-1 downregulation and integrin β3 upregulation in LPS-induced pulmonary fibrosis. The severity of pulmonary fibrosis was determined by hematoxylin-eosin (H&E) staining; collagen deposition was revealed by MASSON staining (magnification, ×200) (**a**). The expression of α-SMA in lung tissues was also measured by Western blot (**b**). Collagen deposition was measured by hydroxyproline content and collagen level assessments (**c**). Representative Western blot images showing expression of Thy-1, integrin β3, LC3 and P62 in the lung tissue (**d**). Values are mean ± SD (*n* = 6). \**p* \< 0.05 vs control group; \*\**P* \< 0.01 vs control group

In addition, LPS also suppressed autophagy by upregulating P62 and decreasing the LC3II-to-LC3 I ratio, accompanied with decreased expression of Thy-1 and increased amounts of integrin β3 in the lung tissue (Fig. [1d](#Fig1){ref-type="fig"}).

LPS-induced autophagy inhibition is accompanied with Thy-1 downregulation and integrin β3 upregulation and activation in lung fibroblasts in vitro {#Sec20}
--------------------------------------------------------------------------------------------------------------------------------------------------

To explore the effects of LPS on autophagy inhibition and Thy-1 and integrin β3 expression levels in lung fibroblasts, MRC-5 cells were challenged by LPS (1 μg/ml) for 6 h. Compared with the control group, LPS challenge significantly inhibited Thy-1 expression and increased integrin β3 amounts in lung fibroblasts (Fig. [2a](#Fig2){ref-type="fig"}), which was further confirmed by immunofluorescence (Fig. [2b](#Fig2){ref-type="fig"}). Furthermore, autophagy in lung fibroblasts was significantly inhibited after treatment with 1 μg/ml LPS for 24 h, as indicated by increased P62 amounts, decreased LC3 II-to-LC3 I ratios and reduced autophagosome amounts detected by TEM (Fig. [2a, c, d](#Fig2){ref-type="fig"}).Fig. 2LPS-induced autophagy inhibition is accompanied with Thy-1 downregulation and integrin β3 upregulation and activation in lung fibroblasts. Western blot was performed to detect Thy-1 and integrin β3 in lung fibroblasts challenged with 1 μg/ml LPS for 6 h, and P62 and LC3 in lung fibroblasts challenged with 1 μg/ml LPS for 24 h (**a**). Immunofluorescent staining of the nucleus (blue), integrin β3 (green) and Thy-1 (red) in lung fibroblasts cultured in the absence or presence of 1 μg/ml LPS for 6 h (**b**). Lung fibroblasts were observed by transmission electron microscopy. White arrows indicate autophagosomes (**c**), the semi-quantification of autophagosomes of per cell were also shown (**d**). Co-IP was used to detect the interaction between Thy-1 and integrin β3 in MRC-5 cells after LPS challenge. Western blot for co-immunoprecipitates of IgG control, input, Thy-1 and integrin β3 (**e**). Flow cytometry was used to detect the expression of PAC-1, an integrin β3 activation marker (**f**).Values are mean ± SD from triplicate experiments. \**p* \< 0.05, \*\**p* \< 0.01

Next, the interaction between Thy-1 and integrin β3 in MRC-5 cells was assessed by co-immunoprecipitation. After treating lung fibroblasts with LPS, the interaction between Thy-1 and integrin β3 was reduced (Fig. [2e](#Fig2){ref-type="fig"}). Then, flow cytometry was used to detect the expression of PAC-1, a marker of integrin β3 activation, in lung fibroblasts. PAC-1 expression was increased dramatically, which indicated integrin β3 activation by LPS in MRC-5 cells (Fig. [2f](#Fig2){ref-type="fig"}).

Integrin β3 inhibition precludes LPS-induced PI3K-Akt-mTOR activation and lung fibroblast autophagy inhibition {#Sec21}
--------------------------------------------------------------------------------------------------------------

Our previous study showed that LPS activates the PI3K-Akt-mTOR pathway and inhibits lung fibroblast autophagy. To assess whether integrin β3 is essential in LPS-induced PI3K-Akt-mTOR pathway activation and lung fibroblast autophagy inhibition, cilengitide, an inhibitor for integrin β3, was applied. Western blot showed that integrin β3 protein expression in lung fibroblasts was increased significantly 6 h after LPS challenge, and this effect was prohibited by cilengitide treatment (Fig. [3a, d](#Fig3){ref-type="fig"}). Meanwhile, activation of the PI3K-Akt-mTOR pathway was also detected by increased amounts of phosphorylated Akt (p-Akt) and phosphorylated mTOR (p-mTOR) 6 h after LPS challenge. However, no differences were observed after cilengitide treatment (Fig. [3b, d](#Fig3){ref-type="fig"}). In addition, pretreatment with cilengitide increased the LC3 II-to-LC3 I ratio and decreased p62 levels, suggesting that cilengitide partially avoided LPS-induced autophagy inhibition (Fig. [3c, d](#Fig3){ref-type="fig"}). TEM images also showed that autophagosomes reappeared after cilengitide treatment (Fig. [3e, f](#Fig3){ref-type="fig"}).Fig. 3Integrin β3 inhibition precludes LPS-induced PI3K-Akt-mTOR activation and lung fibroblast autophagy blockade. Western blot was used to detect the expression of integrin β3 (**a**), phospho-AKT (p-AKT), total AKT, phospho-mTOR (p-mTOR) and total mTOR (**b**). Representative images showing protein expression of LC3 I, LC3 II and P62 in MRC-5 cells challenged without or with 1 μg/ml LPS in the absence or presence of the inhibitor cilengitide (2 mM) for 24 h (**c**). Quantitation of p-AKT/total AKT, p-mTOR/total mTOR, LC3 II/ I, integrin β3 and P62 protein levels normalized to GAPDH (**d**). Lung fibroblasts were assessed by transmission electron microscopy. White arrows indicate autophagosomes (**e**), the semi-quantification of autophagosomes of per cell were also shown (**f**). Values are mean ± SD from triplicate experiments. \**p* \< 0.05 vs control group; \*\**p* \< 0.01 vs control group; ^\#^*p* \< 0.05 vs LPS group; ^\#\#^*p* \< 0.05 vs. LPS group

To further assess the role of integrin β3 in the inhibition of LPS-induced lung fibroblast autophagy, integrin β3 was knocked down in lung fibroblasts.

Similar with the effect of the integrin β3 inhibitor cilengitide, Itgb3-KD transfection prohibited LPS-induced integrin β3 expression (Fig. [4a, d](#Fig4){ref-type="fig"}), PI3K-Akt-mTOR pathway activation (Fig. [4b, d](#Fig4){ref-type="fig"}) and autophagy inhibition in lung fibroblasts (Fig. [4c--f](#Fig4){ref-type="fig"}). These findings indicated that LPS activated the PI3K-Akt-mTOR pathway and inhibited lung fibroblast autophagy by upregulating integrin β3.Fig. 4Genetic integrin β3 inhibition prevents LPS-induced PI3K-Akt-mTOR activation and lung fibroblast autophagy inhibition. Western blot was used to detect the expression levels of integrin β3 (**a**), phospho-AKT (p-AKT), total AKT, phospho-mTOR (p-mTOR) and total mTOR (**b**) in lung fibroblasts after 6 h of 1 μg/ml LPS challenge after transfection with integrin β3 shRNA or the empty vector. Representative images showing expression of LC3 I, LC3 II and P62 in lung fibroblasts after 24 h of 1 μg/ml LPS challenge after transfection with integrin β3 shRNA or the empty vector (**c**). Quantification of p-AKT/total AKT, p-mTOR/total mTOR, LC3 II/ I, integrin β3and P62 protein levels normalized to GAPDH (**d**). Lung fibroblasts were observed by transmission electron microscopy. White arrows indicate autophagosomes (**e**), the semi-quantification of autophagosomes of per cell were also shown (**f**). Values are mean ± SD from triplicate experiments. \**p* \< 0.05 vs. control group; \*\**p* \< 0.01 vs. control group; ^\#^*p* \< 0.05 vs. LPS group; ^\#\#^*p* \< 0.05 vs. LPS group

Thy-1 downregulation induces PI3K-Akt-mTOR activation and lung fibroblast autophagy inhibition {#Sec22}
----------------------------------------------------------------------------------------------

To determine the effect of Thy-1 depletion on autophagy inhibition in lung fibroblasts, Thy-1 was knocked down in lung fibroblasts by transfection of Thy-1 shRNA. Thy-1 expression in lung fibroblasts was reduced significantly 6 h after LPS challenge or Thy-1 shRNA transfection (Fig. [5a, d](#Fig5){ref-type="fig"}). Thy-1 downregulation mimicked the effects of LPS, inducing PI3K-Akt-mTOR pathway activation and inhibiting lung fibroblast autophagy, as demonstrated by increased expression levels of p-Akt and p-mTOR (Fig. [5b, d](#Fig5){ref-type="fig"}), reduced LC3 II-to-LC3 I ratios, increased expression of p62 (Fig. [5c, d](#Fig5){ref-type="fig"}) and reduced autophagosome amounts (Fig. [5e, f](#Fig5){ref-type="fig"}).Fig. 5Thy-1 downregulation induces PI3K-Akt-mTOR activation and lung fibroblast autophagy inhibition. Western blot was performed to detect the expression levels of Thy-1 (**a**), phospho-AKT (p-AKT), total AKT, phospho-mTOR (p-mTOR) and total mTOR (**b**) in lung fibroblasts after 6 h of 1 μg/ml LPS challenge after transfection with Thy-1 shRNA or the empty vector. Representative images showing expression of LC3 I, LC3 II and P62 in lung fibroblasts after 24 h of 1 μg/ml LPS challenge after transfection with Thy shRNA or the empty vector (**c**). Lung fibroblasts were observed by transmission electron microscopy. White arrows indicate autophagosomes (**e**), the semi-quantification of autophagosomes of per cell were also shown (**f**). Values are mean ± SD from triplicate experiments. \**p* \< 0.05 vs. control group; \*\**p* \< 0.01 vs. control group

Thy-1 overexpression precludes LPS-induced PI3K-Akt-mTOR activation and lung fibroblast autophagy inhibition {#Sec23}
------------------------------------------------------------------------------------------------------------

To further assess whether Thy-1 depletion alters the effect of LPS, lung fibroblasts were transfected with Thy-1-overexpression lentivirus (Thy-1-OE) to overexpress Thy-1. As shown in Fig. [6a](#Fig6){ref-type="fig"} and d, Thy-1-OE transfection prohibited LPS-induced Thy-1 depletion in lung fibroblasts, accompanied with a reversion of LPS-induced activation of the PI3K-Akt-mTOR pathway (Fig. [6b, d](#Fig6){ref-type="fig"}) and inhibition of lung fibroblast autophagy (Fig. [6c--f](#Fig6){ref-type="fig"}). These findings suggested that Thy-1 depletion mediated LPS-induced PI3K-Akt-mTOR pathway activation and lung fibroblast autophagy inhibition.Fig. 6Thy-1 overexpression precludes LPS-induced PI3K-Akt-mTOR activation and lung fibroblast autophagy inhibition. Western blot was performed to detect the expression levels of Thy-1(**a**), phospho-AKT (p-AKT), total AKT, phospho-mTOR (p-mTOR) and total mTOR (**b**) in lung fibroblasts after 6 h of 1 μg/ml LPS challenge after transfection with Thy-1-OE or the empty vector. Representative images showing expression of LC3 I, LC3 II and P62 in lung fibroblasts after 24 h of 1 μg/ml LPS challenge after transfection with Thy-1-OE or empty vector (**c**). Lung fibroblasts were observed by transmission electron microscopy. White arrows indicate autophagosomes (**e**), the semi-quantification of autophagosomes of per cell were also shown (**f**). Values are mean ± SD (*n* = 3). \**p* \< 0.05 vs. control group; \*\**p* \< 0.01 vs. control group; ^\#^*p* \< 0.05 vs. LPS group; ^\#\#^*p* \< 0.05 vs. LPS group

Thy-1 overexpression or integrin β3 inhibition prevents LPS-induced autophagy inhibition and pulmonary fibrosis {#Sec24}
---------------------------------------------------------------------------------------------------------------

In order to investigate whether Thy-1 expression in vivo alters LPS-induced pulmonary fibrosis, Thy-1^+^-AAV was transfected by intratracheal injection to overexpress the Thy-1 gene in the mouse lung tissue, as shown in Fig. [7a](#Fig7){ref-type="fig"}. The mRNA expression of Thy-1 was increased significantly after Thy-1^+^-AAV transfection (Fig. [7b](#Fig7){ref-type="fig"}). As shown in Fig. [7c](#Fig7){ref-type="fig"}, Thy-1^+^-AAV transfection inhibited LPS-induced Thy-1 depletion in the lung tissue, accompanied with a reversion of LPS-induced decrease of LC3 II-to-LC3 I ratio and increased expression of P62. In addition, western blot analysis of α-SMA, hydroxyproline and collagen content measurements, pathological analysis by H&E or MASSON --staining, and α-SMA immunohistochemistry showed that Thy-1^+^-AAV transfection prohibited LPS-induced pulmonary fibrosis (Fig. [7d--f](#Fig7){ref-type="fig"}). These findings suggested that Thy-1 depletion mediated LPS-induced lung tissue autophagy inhibition in LPS-induced pulmonary fibrosis.Fig. 7Thy-1 overexpression prevents LPS-induced autophagy inhibition and LPS-induced pulmonary fibrosis. Male C57BL/6J mice aged 6--8 weeks (*n* = 6/group) were treated intratracheally with AAV6-CMV-Thy-1 (5 × 10^10^ vg/mouse) or vector AAV, as shown in (**a**). Mice were treated with vector-AAV or Thy-1^+^-AAV, and Thy-1 mRNA levels were assessed (**b**). Western blot was performed to detect the expression levels of Thy-1, LC3, P62 (**c**) and α-SMA (**d**) in the lung tissue. The severity of collagen deposition was measured by assessing hydroxyproline and collagen amounts (**e**). The severity of pulmonary fibrosis was determined by hematoxylin-eosin (H&E) staining; collagen deposition was assessed by Masson's trichrome staining, and α-SMA expression in the lung tissue was detected by immunohistochemistry (magnification, ×200) (**f**). Values are mean ± SD (*n* = 6). \**p* \< 0.05 vs. control group; \*\**p* \< 0.01 vs. control group; ^\#^*p* \< 0.05 vs. LPS group; ^\#\#^*p* \< 0.05 vs. LPS group

To further investigate whether pharmacologically altering integrin β3 expression and activation in vivo affects LPS-induced pulmonary fibrosis, integrin β3 was inhibited in the mouse lung tissue by intraperitoneal injection of cilengitide. As shown in Fig. [8a](#Fig8){ref-type="fig"}, cilengitide treatment prevented LPS-induced increased expression of integrin β3 and lung tissue autophagy inhibition. Cilengitide treatment also prevented LPS-induced pulmonary fibrosis (Fig. [8b--d](#Fig8){ref-type="fig"}), suggesting that integrin β3 upregulation mediated LPS-induced lung tissue autophagy inhibition in LPS-induced pulmonary fibrosis.Fig. 8Integrin β3 inhibition prevents LPS-induced autophagy inhibition and LPS-induced pulmonary fibrosis. Male C57BL/6J mice aged 6--8 weeks (*n* = 6/group) were pretreated with cilengitide (2 mg/kg), followed by LPS (5 mg/kg) administration for consecutive 5 days. Western blot was performed to detect the expression levels of integrin β3, LC3, P62 (**a**) and α-SMA (**b**) in the lung tissue. The severity of collagen deposition was measured by assessing hydroxyproline and collagen amounts (**c**). The severity of pulmonary fibrosis was determined by hematoxylin-eosin (H&E) staining; collagen deposition was revealed by Masson's trichrome staining, and α-SMA expression in the lung tissue was detected by immunohistochemistry (magnification, ×200) (**d**). Values are mean ± SD (*n* = 6). \**p* \< 0.05 vs. control group; \*\**p* \< 0.01 vs. control group; ^\#^*p* \< 0.05 vs. LPS group; ^\#\#^*p* \< 0.05 vs. LPS group

Discussion {#Sec25}
==========

Although the roles of LPS-induced PI3K-Akt-mTOR pathway activation in lung fibroblast autophagy inhibition and pulmonary fibrosis have been confirmed by our previous studies, the underlying mechanisms remain unknown. This study revealed that Thy-1 depletion and integrin β3 upregulation mediated PI3K-Akt-mTOR pathway-associated inhibition of lung fibroblast autophagy in LPS-induced pulmonary fibrosis.

Autophagy is an important defense mechanism for cells, and plays a vital role in maintaining homeostasis \[[@CR22], [@CR23]\]. The PI3K-Akt pathway targeting mTOR mediates many physiological functions such as cell proliferation, differentiation, migration and apoptosis, and also constitutes an important signaling pathway regulating autophagy \[[@CR24], [@CR25]\]. Studies have shown that the PI3K-Akt pathway controlling mTOR expression negatively regulates autophagy in cells stimulated by factors such as starvation and hypoxia \[[@CR26], [@CR27]\]. Our previous study demonstrated that LPS activates the PI3K-Akt-mTOR pathway and inhibits autophagy in lung fibroblasts \[[@CR9]\]. However, the mechanism by which LPS induces PI3K-Akt-mTOR pathway activation remains unclear.

Thy-1 is a glycosylphosphatidylinositol-linked cell surface glycoprotein expressed on fibroblast subpopulations and various cell types, including thymocytes, T cells, and nerve cells \[[@CR28]\]. As a membrane-bound glycoprotein, Thy-1 is also an important regulator of cell-cell and cell-matrix interactions, activates intracellular signaling pathways, and affects a variety of cellular functions such as cell proliferation, differentiation, and survival \[[@CR29], [@CR30]\]. Thy-1 is inversely associated with phenotypic characteristics in fibrosis and considered a "fibrosis suppressor gene" \[[@CR31]\]. Several studies have suggested that the absence of Thy-1 in lung fibroblasts correlates with pulmonary fibrosis \[[@CR32], [@CR33]\], and our previous study revealed that Thy-1-related lung fibroblast phenotype transformation is essential for LPS-induced lung fibroblast proliferation. Integrin β3 is an important adhesion molecule \[[@CR34]\] involved in cell proliferation, survival and cancer metastasis. It has been suggested that integrin β3 may be a viable anti-fibrotic target in various fibrotic diseases. In bleomycin-induced pulmonary fibrosis, integrin β3 expression is particularly enhanced in mesenchymal stromal cells. In normal Thy-1(+) lung fibroblasts, Thy-1 interacts with integrin αvβ3 to inhibit collagen-induced cell activation \[[@CR31], [@CR32]\]. Meanwhile, studies have confirmed that loss of Thy-1 expression leads to the activation of integrin β3 and the downstream FAK/PI3K/ Rac1 signaling pathway \[[@CR35], [@CR36]\]. As shown above, LPS induced Thy-1 depletion and integrin β3 upregulation played an important role in LPS-induced PI3K-Akt-mTOR pathway activation and lung fibroblast autophagy inhibition and pulmonary fibrosis.

According to previous study, the interaction between Thy-1 and integrin β3 can affect the actvation of integrin β3 \[[@CR37]\]. Referring to a previous research \[[@CR38]\], we used Co-IP to analyze the interaction of Thy-1 and integrin β3. Our results revealed a strong interaction between Thy-1 and integrin β3 in lung fibroblasts, which decreased significantly after LPS challenge. Subsequently, we applied flow cytometry to detect PAC-1, a marker of integrin β3 activation, in lung fibroblasts \[[@CR39], [@CR40]\]. The results showed that LPS challenge led to enhanced activation of integrin β3 in lung fibroblasts. integrin β3 has been reported to be upstream of the PI3K-Akt-mTOR pathway in various cell types. Because integrin receptors do not possess a catalytic activity, the signaling pathway induced by integrin activation must be transmitted into cells through activation of integrin-associated proteins such as PI3K and FAK. This indicates PI3K-Akt-mTOR signaling or similar pathways may be activated when integrin β3 is overexpressed. Studies have shown that integrin β3 upregulation inhibits the autophagic process in cardiomyocytes by activating Akt \[[@CR41]\], suggesting that the expression status of integrin may affect cell autophagy.

As shown above, genetic or pharmacological inhibition of integrin β3 or Thy-1 upregulation prevented LPS-induced PI3K-Akt-mTOR activation and lung fibroblast autophagy inhibition. We also found that Thy-1 overexpression or integrin β3 inhibition in vivo could prevent LPS-induced lung tissue autophagy and pulmonary fibrosis, suggesting that early intervention of Thy-1 and integrin β3 in ARDS could block the progression of pulmonary fibrosis, and is expected to improve the cure rate of patients with ARDS-associated respiratory failure, which is important for improving the prognosis of ARDS patients.

Overall, this study demonstrated that depleting Thy-1 and upregulating integrin β3 is an important mechanism and potential therapeutic target for PI3K-Akt-mTOR pathway-associated inhibition of lung fibroblast autophagy in LPS-induced pulmonary fibrosis.
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